Over the past few years, InN has fueled tremendous interest because the fundamental band gap energy has been revised to approximately 0.7 eV. [1] [2] [3] Consequently, InN is becoming increasingly attractive not only as a near-infrared ͑IR͒ material for optoelectronic applications, including its possible performance as a terahertz emitter, 4 but also for extending the emission of light emitting diodes from deep ultraviolet to near IR, if alloyed with GaN or AlN. 5 Beyond this, superior electronic transport properties, i.e., high electron peak velocities 6 and mobilities, are expected due to its small electron effective mass of Ϸ0.04m 0 . 6, 7 Indeed, a few experimental studies of undoped InN point to room temperature electron mobilities exceeding 2000 cm 2 /V s. 8, 9 For the In-face orientation, numerous attempts, using mainly plasma-assisted molecular beam epitaxy ͑MBE͒, have been undertaken to generate good crystal and surface quality for improved optical and transport properties. The implementation of various buffer layers, such as AlN, 10 lowtemperature InN, 11 and GaN, 9, 12 has helped especially to reduce free electron carrier concentration and sharpen the optical absorption edge, partly overcoming the lack of a near-lattice-matched substrate. However, the low InN decomposition temperature presents significant growth challenges, limiting the growth temperature to Ϸ500°C. 13, 14 Most recently, the challenges of InN deposition have been addressed by growing films along the thermally more stable N-face orientation, 15, 16 where growth temperatures up to 600°C seem feasible. Higher structural quality InN films with sharp step-flow surface features may be achieved, even under N-rich growth conditions. This appears contradictory to the established knowledge of high adatom diffusion under purely metal-rich conditions, as in GaN ͑Ref. 17͒ or AlN ͑Ref. 18͒ growth. In this letter, we investigate these important aspects of N-face InN growth, with special emphasis on the effect of growth kinetics on the advancement of the physical properties.
As substrates for N-face growth, we used high-quality freestanding N-face GaN templates provided by Lumilog with threading dislocation densities specified to be less than 1 ϫ 10 8 cm −2 . To produce a surface free of contamination and of good interface quality we have grown an Ϸ40 nm thick GaN buffer layer under Ga-rich conditions at a temperature of 700°C. Both the GaN buffer and InN layer growths were performed in an Epi 620 MBE system using standard effusion cells for Ga and In, and an Epi Unibulb radio frequency plasma source for supplying active nitrogen. A pyrometer was used to measure the substrate temperature in situ. We give all molecular fluxes in terms of potential growth rate in units of nm/min, as calibrated from thickness measurements of InN films grown under In-rich and N-rich conditions at temperatures for which thermal decomposition was negligible. High-resolution x-ray rocking curves ͑ scans͒ and -2 scans were performed using a triple-axis diffractometer with a resolution limit of ϳ10 arc sec. The structural quality of the InN films was correlated with the surface morphology by employing atomic force microscopy ͑AFM͒. In addition, we have selected optimized InN films on N-face GaN layers ͑200 nm thick͒ grown on NOVASiC polished C-face 6H-SiC substrates 19, 20 for optical spectroscopy, using a combination of photoluminescence ͑PL͒ and optical absorption obtained from reflectance and transmission measurements. To identify transport properties, we performed Hall measurements in the van der Pauw geometry on as-grown InN layers on the buffered, semi-insulating C-face 6H-SiC substrates.
Reflection high energy electron diffraction ͑RHEED͒ was used to confirm the N-face growth direction prior to each InN growth. By cooling the GaN buffer layer to temperatures below ϳ620°C we observed a distinct 3 ϫ 3 RHEED reconstruction, which is a well known characteristic of a N-face GaN growth surface. 21 The N-face InN layers presented here were grown at different temperatures and In/ N flux ratios. To achieve different flux ratios, we kept the N flux constant at 7.5 nm/ min and varied only the In flux, from N-rich ͑In/ N = 0.9͒ to In-rich droplet conditions ͑In/ N = 1.4͒. The designation of these growth regimes and their intricate relationship with thermal decomposition have been elaborated in detail and will be published elsewhere. 22 In Fig. 1 , typical AFM surface morphologies are shown for nominally ϳ0.9 m thick InN layers grown at two temperatures ͑530 and 595°C͒ and In/ N ratios of 0.9 and 1.4, respectively. The measured InN thicknesses from crosssectional scanning electron microscopy coincided with the nominal thickness for layers grown at 530°C ͑ϳ0.87 m͒, but were slightly reduced due to thermal decomposition for layers grown at 595°C ͑ϳ0.67 m͒. InN layers grown under N-rich growth conditions exhibit the roughest surfaces with root-mean-square ͑rms͒ values of 54.1 nm ͓Fig. 1͑a͔͒ and 29.6 nm ͓Fig. 1͑c͔͒ over a 10ϫ 10 m 2 area. In contrast, when the growth was performed under In-rich droplet conditions and low temperature ͑T = 530°C͒ significantly improved surface quality was achieved ͑rms roughness = 6.6 nm͒ ͓Fig. 1͑b͔͒. Imaging the areas in between the few and randomly distributed In droplets displays large atomically flat terraces with clear step-flow growth features that are separated by occasional pits and coalescence boundaries. These step-flow features are characterized by arrays of curved terraces ͑as part of spiral growth hillocks͒ with step heights of ϳ3 Å corresponding to the monolayer height of c / 2 = 2.88 Å for bulk InN. Increasing the growth temperature to 595°C ͓Fig. 1͑d͔͒ resulted in much rougher surface ͑rms= 18.7 nm͒. In this case, a higher density of metallic In droplets was observed on the surface ͑including small nuclei of droplets indicated by the arrows͒, as a result of increased In accumulation due to significant thermal dissociation of InN and limited In desorption at these temperatures. 22 Note that the step-flow surface morphologies generated under In- 17 Recent experiments have demonstrated that the GaN growth front is stabilized by a metallic Ga adlayer, 23 which promotes quite high N-adatom surface diffusion. Analogously, we have found an In adlayer on the N-face InN surface under In-rich conditions with a saturation coverage of 1 ML ͑as determined by In adsorption experiments using RHEED Bragg spot intensity variations͒. 22 High-temperature InN growth under N-rich conditions, however, is remarkably different from what is known for GaN growth. As shown in Fig. 1͑c͒ , the terracelike surface structure exhibits step-flow features, as also observed by Xu and Yoshikawa. 15 These smooth surfaces indicate that high surface diffusion of In and N adatoms must be prevalent even in N-rich growth. We assume that the diffusion barrier for In adatoms on a bare InN surface is likely to be smaller than the barrier for Ga migration on a GaN surface.
To correlate the AFM surface morphologies with the structural quality, we have systematically determined the x-ray rocking curve ͑ scans͒ widths ͓full width at half maximum ͑FWHM͔͒ of on-axis and off-axis reflections ͑the latter measured in a skew-symmetric geometry͒ of several InN layers grown in the temperature range between 500 and 595°C. For the more important off-axis scans we observe no dependence between FWHM values and growth conditions ͑both temperature and In/ N flux ratio͒, with values scattered randomly between 1020 and 1200 arc sec for the ͑1022͒ reflection and between 1320 and 1550 arc sec for the ͑2021͒ reflection. These results indicate that the twist about the c axis is negligibly impacted by the growth conditions. In accordance with investigations of GaN by Heying et al., 24 this means that the majority of pure edge-type threading dislocations ͑TDs͒ are essentially invariant with growth conditions. In contrast, we observe a slight dependence of the on-axis ͑0002͒ FWHM values ͓i.e., representing minority pure screw and mixed TDs ͑Ref. 24͔͒ on the growth conditions, giving the lowest FWHM ͑ϳ320 arc sec͒ for layers grown under In-rich conditions in a moderately low temperature range ͑500-540°C͒. These values are comparable with the best values reported for N-face InN ͑Ref. 15͒ and are in general slightly better than those realized for In-face InN. 14, 25 The significance of choosing optimum conditions of low growth temperature and In-rich conditions for the optical properties of N-face InN is illustrated in Fig. 2 . Roomtemperature PL, reflectance, and transmission data were obtained on optimized InN layers grown on N-face GaN buffer layers on C-face SiC substrates. The absorption coefficient was determined from both the reflectance and transmission data, and its square is plotted versus photon energy to determine the direct band gap of the InN. The intercept of the linear fit with the energy axis provides a band gap of 0.651 eV. The PL peak emission from a thick sample was determined using a Lorentzian fit to the data to occur at ϳ0.626 eV, with a FWHM of 54 meV. The slight redshift with respect to the band gap implies that the emission emanates primarily from the bandtail states. The band gap and PL peak emission energy are among the lowest reported values for wurtzite InN. thick N-face GaN buffer layer grown on semi-insulating C-face 6H-SiC substrates. To facilitate this we performed Hall measurements at 300 K on the as-grown InN layers ͑containing a small density of In droplets͒, with their results shown in Fig. 3 . The Hall electron mobility increases continually with increasing layer thickness, reaching a maximum mobility of 2370 cm 2 / V s for a layer thickness of 4.4 m. These electron mobilities are almost a factor of 2 higher, and the corresponding bulk carrier concentration of 2.8ϫ 10 17 cm −3 is nearly one order of magnitude lower than those reported for the best MBE grown N-face InN. 15 By linear extrapolation of the sheet carrier concentration of the InN layers to zero thickness ͑for a series of samples grown to different InN thickness͒, a surface electron accumulation layer density of ϳ3 ϫ 10 13 cm −2 was determined. The surface carrier concentration is in close agreement with the ϳ2.5ϫ 10 13 cm −2 density determined independently by energy electron loss spectroscopy and theoretical calculations. 27 Despite this consistency, we suggest that a more detailed analysis is needed for differentiating between bulk conduction and surface or interface conduction.
In summary, systematic growth kinetics studies were conducted to optimize the surface and structural properties of N-face InN grown on freestanding GaN. InN films with high structural quality and smooth step-flow-like surface morphologies were achieved in a rather low-temperature region of 500-540°C under In-rich conditions. The structural quality of InN was facilitated by the multiple effect of negligible thermal decomposition at these temperatures and the autosurfactant action of a 1 ML thick In adlayer on the surface. The band gap of 0.651 eV and room-temperature PL peak emission at 0.626 eV of our optimized InN are among the lowest reported values. In addition, Hall mobilities reached 2370 cm 2 / V s at bulk carrier concentrations in the low 10 17 cm −3 , and a surface accumulation layer with an electron density of ϳ3 ϫ 10 13 cm −2 was determined.
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